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Between 1 January 1984 and 31 Decemiber 1987, 206 enterococcal blood isolates at the University of
Wisconsin Hospital and Clinics were analyzed for high-level aminoglycoside resistance (hereafter high-level
aminoglycoside resistance is simply referred to as "resistance") and hemolysin production. Of 190 Enterococ-
cusfaecalis isolates, 68 (35.8%) were resistant to gentamicin. Of these 68 strains, 67 (98.5%) contained a gene
coding for the bifunctional oglycoside-mofying 6'-aminoglycoside acetltransferase-2-m glycoside
phosphotransferase [AAC(6')-APH(2")J enzyme. Of 190 isolates, 85 (44.7%) were hemolytic and contained a
gene coding for component A of the enterococcal hemolysin. Sixty-two of 68 (91.2%) gentam resistant
isolates but only 23 of 122 (18.8%) gentamicin-susceptible isolates were hemolytic (P < 0.001). Twelve of the
hemolytic, gentamicin-resistant E. faecalis blood isolates, but only 2 of 9 nonhemolytic or gentamicin-
susceptible isolates, had identical chromosomal DNA restriction endonuclease digestion patterns, suggesting a
common derivation for these strains. A historical cohort study from 1 July 1985 to 31 March 1987 identified
by repression analysis postsurgical intensive care unit status (odds ratio [OR], 5.0; 95% cOnfidence interval
[CI], 1.1 to 22.8) and prior treatment with an expanded- or broad-spectrum cephalosporin (OR, 3.0; 95% CI,
0.9 to 10.1) as risk factors for gentamicin-resistant E. faecalis bacteremia. Patients with hemolytic,
genbamicin-resistant E. faecalis bacteremia had a fivefold-increased risk for death within 3 weeks of their
bacteremia compared with patients with nonhemolytic, gentamicin-susceptible strains (95% CI, 1.0 to 25.4).

Enterococci are the third leading cause of nosocomial
infection and the sixth leading cause of hospital-acquired
bacteremia in the United States (9). Numerous studies report
30 to 68% case/fatality ratios for patients with enterococcal
bacteremia (3, 7, 13, 16, 21, 32, 35-37, 40, 50, 54, 66).
Although preexisting debilitating conditions and concomi-
tant infections contributed to high overall mortality rates in
these studies, death was attributed directly to enterococcal
sepsis in 7 to 50% of fatal cases (7, 35, 37, 50, 54, 64).
Similarly, an analysis of 500 bloodstream infections at the
University of Colorado Hospital identified enterococci as the
only gram-positive organism independently associated with
a high risk of death (63). Yet, despite the poor prognosis
associated with nosocomial enterococcal bacteremia, little is
known of microbial determinants that contribute to adverse
outcomes.

Antibiotic resistance (22, 45) or hemolysin production (27)
by enterococci might interfere with adequate treatment of
deep-seated enterococcal infections. Enterococcal infection
caused by strains with high-level resistance to gentamicin
(MIC > 2 mg/ml) (hereafter high-level aminoglycoside resis-
tance is simply referred to as "resistance") has been re-
ported (2, 22, 48, 60, 68, 69). Factors predisposing patients to
the acquisition of resistant enterococci include hospitaliza-
tion longer than 2 weeks (2), receipt of multiple antibiotics
(2) including cephalosporins or aminoglycosides (68), and
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the number of surgical procedures (68). However, in these
studies, few patients had bacteremia (2, 48, 68, 69) or clinical
outcome was not analyzed (60).
Some enterococcal strains produce a hemolysin (14) which

has general membrane lytic properties affecting both eukary-
otic cells (hemolysin) and prokaryotic cells (bacteriocin) (4,
29). The hemolysin is secreted in an inactive form termed
component L (20), which is cleaved by a second factor,
component A (19), to form the active lytic factor. Human
and horse erythrocytes are susceptible to the lytic action of
active component L, while sheep erythrocytes are resistant
(4). In a murine model of peritoneal infection, the 509o lethal
dose (LD50) for a nonhemolytic mutant of Enterococcus
faecalis was 10-fold higher than the LD50 for the hemolytic
wild-type strain (26). One group of Japanese investigators
reported that 60% of E. faecalis isolates from human infec-
tions were hemolytic compared with 14% of fecal isolates
from healthy individuals (27).

In order to further study enterococcal bloodstream infec-
tions, we have determined the frequency of bacteremia due
to gentamicin-resistant E. faecalis, the frequency of hemo-
lysin production in these strains, and the correlation of these
and other parameters with clinical outcome in a large group
of patients at the University of Wisconsin Hospital and
Clinics.

MATERIALS AND METHODS

Study periods. This investigation encompasses three over-
lapping study periods. From the Clinical Microbiology Lab-
oratory records, we identified the number of enterococcal
blood isolates between 1 January 1982 and 31 December
1987. Only those strains obtained after 1 January 1984 Were
available for further testing. A cohort study was performed
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on patients who had enterococcal bacteremia from July 1985
through March 1987.

Microbiologic methods. (i) Source of strains. All premortem
enterococcal blood isolates from January 1984 through De-
cember 1987 were identified from records of the Clinical
Microbiology Laboratory. Multiple isolates from a patient
were enumerated separately when the cultures were ob-
tained .10 days apart, when aminoglycoside susceptibility
test results differed (see below), or when the strains were of
different species. Blood culture isolates were stored in brain
heart infusion broth with 10% glycerol at -70°C. Isolates
were revived from frozen stock by subculture onto Trypti-
case soy agar with 5% sheep blood (BAP; BBL, Cockeys-
ville, Md.) and incubated at 35°C in ambient air overnight.
Multiple isolates from the same patient were tested only if
the blood cultures had been collected more than 2 days
apart. A commercially available kit was used to identify the
strains to species level (API 20S; Analytab Products, Inc.,
Plainview, N.Y.).

(ii) Susceptibility testing. Susceptibility testing to gentami-
cin sulfate, kanamycin monosulfate, tobramycin (free base),
streptomycin sulfate, amikacin (free base), netilmicin sul-
fate, neomycin sulfate, and spectinomycin dihydrochloride
was performed by using macrobroth and microtiter methods
as previously described (56, 71). Strains that grew in the
presence of 2 mg of an aminoglycoside per ml were consid-
ered to possess resistance. Discrepancies between test meth-
ods were resolved by repeat testing or, if necessary, by
time-kill studies as previously described (57).

(iii) P-Lactamase and hemolysin production. P-Lactamase
activity was determined by using the nitrocefin (Glaxo
Research Limited, Greenford, Middlesex, England) slide
test (51). Hemolytic activity was determined after incubation
for 2 days on blood agar base with 5% human blood.

(iv) DNA probes for aminoglycoside-modifying enzymes and
hemolysin/bacteriocin. Radiolabeled probes were prepared
by the incorporation of a-32P-labeled-deoxyribonucleotides,
using a random primed DNA labeling kit in accordance with
the manufacturer's instructions (U.S. Biochemical Corpora-
tion, Cleveland, Ohio). DNA probes were employed in
whole-colony blot hybridization under conditions of high
stringency to determine the presence of homologous ge-
nomic DNA (39).
Aminoglycoside resistance in enterococci has previously

been associated with a gene encoding an enzyme which has
both 2"-phosphorylating and 6'-acetylating activity (61). Sub-
strates for this 6'-aminoglycoside acetyltransferase-2"-ami-
noglycoside phosphotransferase [AAC(6')-APH(2")] enzyme
include gentamicin, kanamycin, amikacin, tobramycin, and
netilmicin (8, 12). Two DNA probes were developed for this
enzyme. A 781-bp AluI-ScaI fragment was derived from a
recombinant plasmid, pSF815AC (kindly donated by J. J.
Ferretti), containing a portion of the gene encoding 6'-
acetylating activity of AAC(6')-APH(2") which originated in
E. faecalis (15). A second 767-bp ScaI-AluI fragment was
derived from a recombinant plasmid pSF815AP (kindly
donated by J. J. Ferretti), which included the portion of the
structural gene encoding 2"-phosphorylating activity of
AAC(6')-APH(2") (15).
To identify hemolytic potential, we developed a probe for

component A, the factor necessary for activation of compo-
nent L. A 1,245-bp DNA fragment specifying the E. faecalis
pADl-encoded hemolysin component A gene on recombi-
nant plasmid pRAS18-3E (25) was generated by the polymer-
ase chain reaction (44), using custom oligonucleotides to

synthesize DNA from the initiator to the terminator codon
(53).

(v) Isolation of plasmid DNA. E. faecalis cells grown
overnight in sheep blood tryptic soy agar (Baxter Scientific
Products, McGaw Park, Ill.) supplemented with glycine
were lysed by using mutanolysin at 5 x 104 U/liter and
lysozyme at 10 g/liter. Plasmid DNA was isolated for agarose
gel electrophoresis as previously described (6).

(vi) Restriction fragment analysis of chromosomal DNA.
Genomic DNA from enterococcal blood isolates was pre-
pared as described by Murray et al. (46). Agarose plugs
containing lysed cells were digested with SmaI (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.), electro-
phoresed using a contour-clamped homogeneous electric
field device (CHEF-DRII; Bio-Rad, Richmond, Calif.) with
the pulse time ramped from 5 to 35 s over 24 h at 200 V. Gels
were stained with ethidium bromide and photographed with
UV illumination.

Setting. The University of Wisconsin Hospital and Clinics
is a 536-bed tertiary care institution. In addition to medical-
surgical, pediatric, psychiatric, and eating disorders wards,
there are five intensive care units including (i) a 12-bed
trauma and life support center with four isolation rooms, (ii)
a 7-bed medical intensive care unit with five isolation rooms,
(iii) a 9-bed surgical intensive care unit with two isolation
rooms, (iv) a 9-bed pediatric intensive care unit with four
isolation rooms, and (v) a four-room burn unit with 7
isolation beds. The trauma and life support center and burn
units are in adjacent locations on one ward, while other units
are located throughout the hospital. The burn unit routinely
keeps patients in strict isolation, while other units maintain
patient isolation only as necessary per infection control
protocols. For this reason, burn unit patients were consid-
ered separately from other patients. Patient transfers be-
tween nonpediatric intensive care units were common (de-
cision to transfer based both on illness and bed availability).
House staff and other staff regularly rotated through and
worked in several of the intensive care units.

Study design. (i) Patient selection. The first recognized case
of gentamicin-resistant E. faecalis bacteremia occurred in
July 1985. A cohort of patients with E. faecalis bacteremia
was constructed by reviewing all charts on patients with
premortem E. faecalis blood isolates from July 1985 through
March 1987. E. faecalis blood isolates were considered to
represent true bacteremia if (i) two or more blood cultures
yielded E. faecalis or (ii) when only one blood culture was
positive, the clinical condition was consistent with bacte-
remic infection, or a local site of enterococcal infection had
been confirmed by culture, or both.
During the cohort study period, the Clinical Microbiology

Laboratory cultured 102 premortem E. faecalis blood iso-
lates from 80 patients. Charts on these patients were re-
viewed. For patients with more than one admission during
which an E. faecalis bacteremia had occurred, only the first
admission was analyzed. Two patients were excluded be-
cause they had a single E. faecalis blood isolate in the
absence of documented local enterococcal infection or clin-
ical illness suggestive of bacteremia. Two enterococcal
isolates were not tested for aminoglycoside susceptibility
because one could not be revived from frozen stock and the
other had not been stocked. As a result, one additional
patient was excluded from the study. The cohort consisted
of 77 patients with 98 episodes of enterococcal bacteremia:
36 patients with an initial E. faecalis bacteremia due to a
gentamicin-resistant strain and 41 patients with an initial E.
faecalis bacteremia due to a gentamicin-susceptible strain.
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Final E. faecalis blood isolates for two patients with multiple
bacteremias were not available for testing, so for outcome
analyses the cohort consisted of 75 patients.

(ii) Study definitions. Clinical and epidemiologic data were
obtained by chart and laboratory culture record review. Data
collected for each patient included demographic informa-
tion, underlying illness, unit or ward location at the time of
the initial E. faecalis blood isolation (or prior unit or ward if
transferred within the preceding 72 h), number of operations,
and length of hospitalization. E. faecalis blood isolates
obtained 72 or more hours after admission without labora-
tory evidence of enterococcal infection within that time
period were defined as hospital acquired; all other blood
isolates were considered community acquired (65). Persist-
ent or recurrent E. faecalis bacteremia was defined as having
occurred when additional blood cultures were collected 10
days to 12 weeks after the initial episode. Associated entero-
coccal infections were defined according to established
criteria (65). Enterococcal isolates from sources other than
blood were not routinely saved and therefore were unavail-
able for antimicrobial susceptibility testing.

Parenteral antimicrobial therapy, exclusive of periopera-
tive prophylaxis, given between admission and the initial E.
faecalis blood isolate was noted for each patient and cate-
gorized as follows: (i) cell wall synthesis inhibitors able to
limit growth of most enterococci at achievable drug levels in
serum (e.g., penicillin, ureido-penicillins, vancomycin, imi-
penem, narrow-spectrum cephalosporins), (ii) expanded-
and broad-spectrum cephalosporins, and (iii) aminoglyco-
sides. While narrow-spectrum cephalosporins are not appro-
priate agents for treating enterococcal infections, they have
inhibitory activity against many enterococcal isolates at
achievable concentrations in serum and are less often asso-
ciated with gram-positive superinfections compared with
many expanded- and broad-spectrum cephalosporins (31, 59,
62). For this reason, expanded- and broad-spectrum cepha-
losporins were analyzed separately. Antimicrobial therapy
for E. faecalis bacteremia was considered appropriate if
single or combined agents with proven efficacy in the treat-
ment of enterococcal infection were given parenterally for 7
days or more (36). Therapy was considered inadequate if
antimicrobial agents were not given, if antimicrobial agents
were given orally or for less than 7 days regardless of
efficacy, or if the antimicrobial agents given lacked in vitro
activity against the patient's strain.

Statistics. Continuous (Student's t test) and categorical
(Fisher's exact test and chi-square test) variables for the
study and control groups were compared (a = 0.05; two tail).
The standard deviation for the distribution of single obser-
vations is reported as indicated. Variables identified by
univariate analysis as somewhat (0.05 < P < 0.20) or
significantly (P < 0.05) associated with gentamicin-resistant
E. faecalis bacteremia or outcome were determined in the
presence of other variables by logistic regression and ex-
pressed as an odds ratio (OR) with confidence intervals (CI)
(33, 52).

RESULTS

Aminoglycoside resistance patterns for E. faecalis blood
isolates. There were 284 enterococcal blood isolates during
the study period (January 1982 to December 1987) including
the 102 premortem E. faecalis isolates from the patients in
the cohort study (July 1985 to March 1987). Seventy-eight
strains could not be tested because they were no longer
available (77 strains) or were nonviable (1 strain). Of the
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FIG. 1. Semiannual occurrence of enterococcal blood isolates

with resistance to streptomycin (A), gentamicin (B), and both
streptomycin and gentamicin (C) at the University of Wisconsin
Hospital and Clinics from January 1984 to December 1987. Graph D
shows the total number of blood isolates for each period. Thirteen,
one, and one isolate were unavailable for susceptibility testing in
1984, 1985, and 1986, respectively.

remaining 206 strains, 190 (92.2%) were E. faecalis, 15
(7.3%) were Enterococcus faecium, and one (0.5%) was
Enterococcus avium. Figure 1 shows the semiannual occur-
rence of enterococcal blood isolates from 1984 through 1987.
The initially recognized blood isolates with resistance to
streptomycin, gentamicin, and both streptomycin and gen-
tamicin occurred in January 1984, July 1985, and September
1985, respectively. Despite semiannual increases in entero-
coccal blood isolates in 1986 and 1987 compared with the
preceding 4 years, no statistically significant increase in their
occurrence was found (data not shown).

Strains could be placed into 11 groups (I to XI [numbered
chronologically by date of first isolation]) on the basis of
their phenotypic resistance pattern to eight aminoglycosides
(Table 1). It is of note that all gentamicin-resistant strains
were kanamycin resistant. The 112 strains resistant to any
agent in the aminoglycoside battery were tested for p-lacta-
mase activity, and all were negative.
DNA hybridization studies for E. faecalis blood isolates. Of

68 gentamicin-resistant isolates (groups V, VI, VIII, and X
in Table 1), 67 (98.5%) were positive for APH(2") and
AAC(6') portions of the AAC(6')-APH(2") gene; of 122
gentamicin-susceptible strains, 2(1.6%) had evidence of one
or both genes (P < 0.001 by chi-square test). Of 190 E.
faecalis isolates, 85 (44.7%) were hemolytic on human blood
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TABLE 1. Aminoglycoside resistance and hemolysin characteristics for 190 E. faecalis blood isolates

Date Aminoglycoside resistance phenotypeb No. of strains with genec:
Group (mo/yr) No. ofGopoffirststan

isolatea Gm Ak Tm St Km Nt Ne Sp AAC(6') APH(2") Hemolysind strains

I 1/84 1 0 10 82
II 6/84 R R R 1 1 8 31
III 8/84 R 0 0 2 3
IV 11/84 R R R R 0 0 1 2
V 7/85 R R R R 63 63 59 63
VI 9/85 R R R R R 2 2 1 2
VII 9/85 R R 0 0 0 1
VIII 8/86 R R R R 0 0 0 1
IX 3/87 R R 0 0 2 2
X 7/87 R R 2 2 2 2
XI 9/87 R R 0 0 0 1
I-XI 69 68 85 190
a First isolate during the study period beginning January 1984.
b Results when tested by microtiter. R, resistant (MIC 2 2 mg/ml). All others were susceptible. Abbreviations: Gm, gentamicin; Ak, amikacin; Tm, tobramycin;

St, streptomycin; Km, kanamycin; Nt, netilmicin; Ne, neomycin; Sp, spectinomycin. See text for methods.
c AAC(6'), DNA fragment from pSF815AC coding for aminoglycoside 6'-acetyltransferase portion of the AAC(6')-APH(2") enzyme; APH(2"), DNA fragment

from pSF815AP coding for the aminoglycoside 2"-phosphotransferase activity; hemolysin, DNA fragment from pRAS18-3E coding for component A. See text for
methods.

d All isolates positive for component A were hemolytic on human blood agar.

agar, and each isolate contained the hemolysin component A
gene. None of the nonhemolytic E. faecalis isolates were
positive for the component A gene. Thus, the presence of the
component A gene accurately predicted hemolysin produc-
tion phenotype. Sixty-two of 68 (91.2%) gentamicin-resistant
isolates and 23 of 122 (18.8%) gentamicin-susceptible iso-
lates contained the component A gene. The association of
gentamicin resistance and hemolysin production was highly
significant (P < 0.001 by chi-square test).

Historical cohort study. Characteristics of patients with E.
faecalis bacteremia caused by gentamicin-resistant or gen-
tamicin-susceptible strains were similar. There were no
significant differences between these groups for the follow-
ing factors: age, sex, length of hospitalization or number of

operations before the first positive E. faecalis blood culture,
duration of hospitalization, primary underlying illness, prior
treatment with aminoglycosides or cell wall active agents
able to limit growth of enterococci, enterococcal infection at
another site, polymicrobial bacteremia, and recurrent or
persistent enterococcal bacteremia (chi-square or Student's t
test P values all >0.20; data not shown).

Variables tending toward or significantly associated with
gentamicin-resistant E. faecalis bacteremia are shown in
Table 2. Prior treatment with expanded- or broad-spectrum
cephalosporins and hospitalization in a nonburn intensive
care unit both appeared to be risk factors for gentamicin-
resistant enterococcal bacteremia.
To further evaluate associations between gentamicin-re-

TABLE 2. Comparisons between selected risk factors and gentamicin activity for 77 patients with E. faecalis bacteremia

No. of patients (%) with E. faecalis bacteremia
Baseline variable Gentamicin-susceptible Gentamicin-resistant P value'

strain (n = 41) strain (n = 36)

Type of bacteremia
Community-acquired 7 (17) 2 (6) l b
Hospital-acquired 34 (83) 34 (94) 1

Expanded- or broad-spectrum cephalosporin
Received 11 (27) 18 (50) 0.04
Not received 30 (95) 18 (50)

Nursing unit
Intensive care 21 (51) 28 (78)
Burn 6 (15) 3 (8) 0.05
Other 14 (34) 5 (14)

Nursing unit/underlying illness
Intensive care/trauma 7 (17) 8 (22)
Intensive care/surgery 6 (15) 12 (33)
Intensive care/other 8 (20) 8 (22) 0.13
Burn/burn 6 (15) 3 (8)
Other/any illness 14 (34) 5 (14)
a p value for the group indicated by the Chi-square test unless otherwise specified.
b Fisher's exact test.
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FIG. 2. Chromosomal digestion patterns for gentamicin-resistant
E. faecalis blood isolates from the trauma and life support center
between July 1985 and December 1985 (lanes b to j); all strains were
hemolytic. Lane a contains a chromosomal DNA digest from
Saccharomyces cerevisiae YNN295 (Bio-Rad).

sistant E. faecalis bacteremia and hospitalization in nonburn
intensive care units, daily location was analyzed for the 15
patients identified during the first 6 months of the outbreak
from July through December 1985. Seven patients were
bacteremic with gentamicin-resistant strains, and all had
been or were still in the trauma and life support center prior
to their initial E. faecalis bacteremia. The seven patients
with gentamicin-resistant strains spent more days per patient
in the trauma and life support center (28.0 ± 17.2 [mean ±
standard deviation]) than did the eight patients with gentam-
icin-susceptible strains (3.5 ± 3.1; P = 0.005 by Student's t
test).

Relatedness of selected E. faecalis blood isolates was
assessed by analyzing plasmid and chromosomal DNA.
Eight gentamicin-resistant strains recovered from patients in
the trauma and life support center in 1985 contained one to
five plasmids. The six plasmid profile patterns found sug-
gested that these strains were not the same or of a recent
derivative. However, the chromosomal DNA restriction
endonuclease digestion patterns for 27 selected E. faecalis
blood isolates (Fig. 2 to 4) revealed a common pattern for
hemolytic, gentamicin-resistant strains. Twelve hemolytic,
gentamicin-resistant strains obtained from 10 patients over
17 months had identical patterns (Fig. 2, lanes b to j; Fig. 3,
lanes c to e). None of 9 nonhemolytic, gentamicin-suscepti-
ble strains had patterns that matched the pattern of hemo-
lytic, gentamicin-resistant strains (Fig. 4, lanes b to j). The
two nonhemolytic, gentamicin-susceptible strains with a
matching pattern (Fig. 4, lanes d and j) were obtained from
one patient (who was in the trauma and life support center)
at an interval of 7 weeks. A community-acquired, nonhemo-
lytic, gentamicin-resistant E. faecalis isolate (Fig. 3, lane b)
had a pattern that differed from that of the hemolytic,
gentamicin-resistant isolates. Five hemolytic, gentamicin-
susceptible strains (Fig. 3, lanes f to j) from 1984 (n = 3),
1985 (n = 1), and 1987 (n = 1) had patterns that differed from
each other and the pattern of the hemolytic, gentamicin-
resistant isolates.
A majority of patients in the study were severely ill; 75%

were cared for in an intensive care unit at the time of their
initial E. faecalis bacteremia. Variables somewhat or

FIG. 3. Chromosomal digestion patterns for hemolytic, gentam-
icin-resistant E. faecalis blood isolates from 1986 (lanes c to e) and
hemolytic, gentamicin-susceptible E. faecalis blood isolates (lanes f
to j). Lane b contains chromosomal DNA from a community-
acquired, nonhemolytic, gentamicin-resistant E. faecalis blood iso-
late. Lane a contains chromosomal DNA from the hemolytic,
gentamicin-resistant E. faecalis strain shown in lane c of Fig. 2.

strongly associated with the development of gentamicin-
resistant E. faecalis bacteremia, as shown in Table 2, were
used to develop a multiple logistic regression model. Results
in Table 3 quantify the risk of gentamicin-resistant bactere-
mia independent of confounding variables. Patients recover-
ing from recent major surgery in a nonburn intensive care
unit were five times more likely to have E. faecalis bacter-
emia caused by a gentamicin-resistant strain than by a
gentamicin-susceptible strain. Patients receiving expanded-
or broad-spectrum cephalosporins had a threefold-increased
risk for bacteremia with a gentamicin-resistant strain.

Mortality in the cohort was 31% (24 of 77). Of the 24
fatalities, 14 (58%) occurred within 3 weeks following an
E. faecalis bacteremia; deaths in the remaining 10 patients

FIG. 4. Chromosomal digestion patterns for gentamicin-suscep-
tible E. faecalis blood isolates from the trauma and life support
center (lanes b and e to j) and other units (lanes c and d) between
July 1985 and October 1985. Lane a contains chromosomal DNA
from the hemolytic, gentamicin-resistant E. faecalis strain shown in
lane h of Fig. 2.
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TABLE 3. Logistic regression analysis of risk factors associated
with gentamicin-resistant E. faecalis bacteremia

Baseline variable P value ORa 95% CI

Hospital-acquired bacteremia 0.27 2.9 0.4-19.2

Nursing unit/underlying illness
Intensive care/trauma 0.12 3.6 0.7-17.5
Intensive care/surgery 0.04 5.0 1.1-22.8
Intensive care/other 0.25 2.5 0.5-11.3
Bum/burn 0.88 1.1 0.2-6.8

Prior antimicrobial therapy
Selected cell wall synthesis 0.20 0.3 0.05-1.9

inhibitors
Expanded- or broad-spec- 0.08 3.0 0.9-10.1
trum cephalosporins

Aminoglycosides 0.51 1.7 0.4-7.8

a The reference category is 1.0.

occurred at widely different intervals more than 4 weeks
after an enterococcal bacteremia. Therefore, patients dying
within 3 weeks of an E. faecalis bacteremia were defined as
having an acutely terminal outcome. Univariate analyses
detected no significant differences between patient groups
with acutely terminal or other outcomes for the following
factors: sex; type of bacteremia; secondary underlying ill-
ness; burn as a primary illness; prior treatment with antien-
terococcal antibiotics, aminoglycosides, or expanded- or
broad-spectrum cephalosporins; associated focal enterococ-
cal infection; ward location; polymicrobial bacteremia; and
antibiotic efficacy for the initial E. faecalis bacteremia (chi-
square P values all >0.20; data not shown).
Table 4 lists univariate analyses of variables somewhat or

strongly associated with an acutely terminal outcome. These
variables were analyzed by logistic regression, and results of
the model are shown in Table 5. Both hemolysin production
phenotype for the infecting E. faecalis strain and patient age
were independently associated with an acutely terminal
outcome, i.e., independent of duration of hospitalization or
underlying illness categorized by unit location. A similar OR
value was obtained when the gentamicin resistance pheno-
type was substituted for the hemolysin phenotype. This was
expected because virtually all gentamicin-resistant strains
were hemolytic. Patients with acutely terminal outcomes
were hospitalized an average of 2 weeks before their initial
E. faecalis bacteremia, compared with 6 weeks for patients
with other outcomes. Accordingly, risk associated with
length of hospitalization was stratified to greater and less
than 3 weeks. Shorter hospitalization, however, was only
marginally associated with an acutely terminal outcome.

DISCUSSION
Severe enterococcal infections are best treated with a

combination of two agents: an antibiotic able to limit growth
of enterococci (e.g., penicillin or vancomycin) and an ami-
noglycoside to which the enterococcal strain lacks resistance
(22, 24, 67). Enterococcal isolates resistant to streptomycin
and kanamycin have long been recognized (38, 43). How-
ever, it was not until 1979 that the first E. faecalis strain
resistant to gentamicin was reported (23). Since then, gen-
tamicin-resistant strains have been identified worldwide (10,
11, 28, 41, 47, 48, 60, 61, 68) and shown to contain conjuga-
tive resistance plasmids that produce aminoglycoside-modi-
fying enzyme(s) (10, 11, 23, 41, 70).

TABLE 4. Comparison between selected prognostic indicators
and outcome for 75 patients with E. faecalis bacteremnia

Value for group

Baseline variable Acutely Other P valueaterminal
oucm

outcome outcome
(n-14) (n=61)

Age (yr [mean ± SD]) 60 + 15 47 ± 24 0.01b

Length of hospitalization prior 14 ± 13 37 ± 60 0.009b
to first bacteremia (days
[mean ± SD])

Strain phenotype (no. of
patients [%])

Hemolytic 10 (71) 29 (48) l011
Nonhemolytic 4 (29) 32 (52) J

Primary underlying illness
(no. of patients [%])

Multiple trauma 4 (29) 11 (18)
Burn 0 (0) 9 (15) 0 09
Recent surgery 2 (14) 21 (36)
Other 8 (57) 19 (31)

Nursing unit/underlying illness
(no. of patients [%])

Intensive care/trauma 3 (21) 11 (18)
Intensive care/surgery 1 (7) 17 (28)
Intensive care/other 5 (36) 10 (16) 0.13
Bum/burn 0 (0) 9 (15)
Other/any illness 5 (36) 13 (23)
a p value for the group indicated by the chi-square test unless otherwise

specified.
b Student's t test.

We have described the appearance of gentamicin-resistant
enterococcal bacteremias in a large trauma and life support
unit. An unusually high percentage (91.2%) of the gentami-
cin-resistant E. faecalis blood isolates were hemolytic. Dur-
ing the 21-month study period, these hemolytic, gentamicin-

TABLE 5. Logistic regression analysis of 75 patients with
E. faecalis bacteremia-defining predictors of

an acutely terminal outcome

Baseline variable P value ORa 95% CI

Bacteremia caused by hemo- 0.05 5.0 1.0-25.4
lytic E. faecalis strainb

Nursing unit/underlying illness
Intensive care/trauma 0.41 0.4 0.06-3.1
Intensive care/surgery 0.07 0.1 0.01-1.2
Intensive care/other 0.61 1.6 0.3-8.4
Burn/burnc 0.28

Aged 0.04 1.04 1.00-1.08

Hospitalization of <21 days 0.07 4.4 0.9-22.4
before initial bacteremia
a The reference category is 1.0.
b Regression analysis substituting gentamicin resistance for the hemolysin

phenotype resulted in OR = 5.0 (95% CI = 1.0 to 24.1).
c Relative risk could not be calculated because no burn patient experienced

an acutely terminal outcome. The P value was determined by comparing the
goodness-of-fit statistics for the full and reduced models.

d Relative risk predicts increased risk per year of age.
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resistant strains made up 45% of the initial bacteremic
isolates. Although variable plasmid profiles for the first eight
hemolytic, gentamicin-resistant E. faecalis strains suggested
several different strains, a single chromosomal DNA restric-
tion endonuclease digestion pattern was found for these
isolates. Gentamicin-susceptible isolates, irrespective of he-
molysin production phenotype, demonstrated considerable
restriction fragment length polymorphism. Quite likely a
single hemolytic, gentamicin-resistant E. faecalis strain
caused multiple bacteremias in the trauma and life support
center before becoming a source of bacteremia in other
intensive care units and wards 6 months later.
The reservoir and mode of transmission for hemolytic,

gentamicin-resistant enterococci were not determined in this
study. Our findings are consistent with the epidemiology of
nosocomially acquired enterococcal infection described by
Zervos and associates (68, 69). These researchers used
plasmid content as an epidemiologic marker of strain identity
and showed transmission of gentamicin-resistant entero-
cocci between patients in intensive care units, probably
through transient carriage on the hands of hospital person-
nel. The reservoir for these strains was not defined, but high
rates of colonization for patients on the medical wards and
residents of an adjacent nursing home were- reported (72).
We have used DNA hybridization probes to demonstrate

that almost all (67 of 68) gentamicin-resistant enterococci in
our study carried the AAC(6')-APH(2") gene, which encodes
an enzyme that can potentially inactivate all clinically rele-
vant aminoglycosides except streptomycin (8, 12). None of
the 190 isolates tested was resistant to 2 mg of amikacin or
netilmicin per ml (Table 1). However, resistance to kanamy-
cin, which was characteristic of our gentamicin-resistant
isolates, is a reliable predictor of amikacin resistance (22).
The substrate activity of AAC(6')-APH(2") would predict
gentamicin-resistant- strains to be indifferent to the killing
effects of other clinically useful aminoglycosides (except
streptomycin) when combined with cell wall active agents.

Patients treated with expanded- or broad-spectrum ceph-
alosporins had a threefold-increased chance of having gen-
tamicin-resistant organisms upon development of an entero-
coccal bacteremia. Some studies (3, 21, 43, 68, 69), but not
all (7, 32, 37), have noted correlations between systemic
antibiotic therapy, particularly cephalosporins, and noso-
comial acquisition of gentamicin-resistant enterococci or
occurrence of enterococcal infection. Since expanded- and
broad-spectrum cephalosporins lack activity against entero-
cocci, they predispose patients to enterococcal superinfec-
tion (42). This effect may be more dramatic in patients
colonized by gentamicin-resistant strains.
The cohort mortality was 31% and is similar to the values

found in other recent studies (3, 7, 13, 16, 21, 32, 35-37, 40,
50, 54, 66). Because determination of a primary cause of
death for these critically ill patients was difficult, we strati-
fied patients on the basis of length of time between the last
positive blood isolate and death and used this as a measure
of outcome. We found that fatality, for any reason, within 3
weeks of an E. faecalis bacteremia was independently asso-
ciated with age and the isolation of a gentamicin-resistant,
hemolytic E. faecalis strain. An increase in mortality with
older age groups has generally been noted for nosocomial
bacteremia (17, 34, 40, 55) and for enterococcal bacteremia
in particular (7, 54). Although we, like others (21), were
unable to show a correlation between appropriate antibiotic
therapy for enterococcal bacteremia and clinical outcome,
the proper application of antibiotics in patients with blood-
stream infection should remain an important goal. Treatment

guidelines for enterococcal infections can be found else-
where (36).
An association between a gentamicin resistance, hemoly-

sin production phenotype and adverse outcome for patients
with enterococcal bacteremia has not been previously re-
ported. The concept that hemolysins contribute to pathoge-
nicity in other infections is well established. Streptococcal,
pneumococcal, listerial, clostridial, and Escherichia coli
hemolysins are recognized virulence factors (1, 5, 18, 30,
58). Hemolysins can inhibit leukocyte function (18, 49, 58) or
provide iron for growing organisms in an iron-deficient
milieu, such as human plasma and tissues (30). The entero-
coccal hemolysin was a virulence factor in both animal and
in vitro models (26, 49). This study suggests it may play a
similar role in human infection. However, our retrospective
analysis of enterococcal bacteremia provides no absolute
method for inferring the cause of a poor outcome in these
patients despite attempts to control for underlying illness
and patient location in a multivariate analysis (33). We
cannot determine whether the hemolysin or aminoglycoside
resistance phenotype, independently or in combination, led
to an adverse outcome or whether these traits are markers
for an as-yet-undefined causal factor. The association be-
tween the gentamicin resistance and hemolysin genes is not
absolute; some strains have one or the other but not both. It
will be important to determine their intracellular locations
(plasmid versus bacterial chromosome) to better understand
this phenomenon. However, their association suggests a
distant clonal derivation for these strains in our hospital.
We agree with others that clinical laboratories should

routinely identify enterococcal blood isolates to species level
and screen them for resistance to gentamicin, kanamycin,
and streptomycin (22). It should be emphasized that sheep,
but not horse or rabbit, erythrocytes are insensitive to lysis
by the enterococcal hemolysin (4). Because sheep erythro-
cytes are used commonly in screening for hemolysis by
clinical microbiology laboratories, this phenotype can be
easily overlooked. Whether hemolysin production by E.
faecalis blood isolates should be routinely determined is
unclear at this time.
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